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Abstract
Streptococcus pneumoniae resides on mucosal surfaces in the nasopharynx, where selection for horizontal transfer of antimicrobial resis-
tance genes and virulence factors may provide a survival advantage. We investigated the distribution of genes for pneumococcal cell sur-
face proteins and their correlations with multilocus sequence typing (MLST), Pneumococcal Molecular Epidemiology Network (PMEN)
clones and antimicrobial resistance, to identify pneumococcal virulence factors predicting prevalent clones from 156 pneumococcal iso-
lates recovered from adult patients with community-acquired pneumonia in Japan. Pneumococcal eno, pavA, piuA, cbpA and cbpG were
present in all isolates, and hyl and piaA were distributed among the clinical isolates. In contrast, pneumococcal rlrA, pclA, psrP, nanC and
pspA family 1-type genes were variably distributed and signiﬁcantly associated with MLST (Wallace coefﬁcients (W) were over 84%).
Serotype was a weaker predictor of sequence type (W, 0.75) than vice versa (W, 0.97). A multiple logistic regression analysis adjusted
to the presence of virulence genes, pspA family 1 genes and carriage serotypes revealed that pclA and rlrA correlated with PMEN clones
and antimicrobial resistance, and are likely to contribute to the selection of prevalent clones.
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Introduction
Streptococcus pneumoniae resides on mucosal surfaces in the
nasopharynx, where selection for horizontal transfer of anti-
microbial resistance genes from other pneumococci and
commensal organisms occurs. Additionally, various cell sur-
face virulence factors provide a survival advantage [1].
Capsular polysaccharide prevents entrapment in the nasal
mucous, allowing access to epithelial surfaces [1]. The avail-
able epidemiological data have shown that certain serotypes
are nasopharyngeal carriage isolates in children using sero-
type 14 as a reference [2]. The rlrA islet-encoding pili is
important for adhesion, and its presence correlates with cer-
tain prevalent clonal types, including several Pneumococcal
Molecular Epidemiology Network (PMEN) clones with wide
geographical distribution and antimicrobial resistance or
importance in disease (http://www.sph.emory.edu/PMEN/
pmen_criteria.html) and clones associated with antimicrobial
resistance [3,4]. However, less prevalent clones also had car-
riage serotypes, and not all of the PMEN clones carried rlrA
[3,5].
As candidates for cell surface proteins, choline-binding
protein A (CbpA) [6,7], neuraminidase A (NanA) [8], pneu-
mococcal collagen-like protein A (PclA) [9], pneumococcal
adhesin and virulence A (PavA) [10], enolase (Eno) [11],
pneumococcal serine-rich repeat protein (PsrP) [12] and
hyaluronidase (Hyl) [13] contributed to adherence or inva-
sion of host cells. The cell-surface lipoprotein pneumococcal
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surface antigen A (PsaA) binds E-cadherin [14] and is a com-
ponent of an ATP-binding cassette (ABC) transport system
that has speciﬁcity for manganese [15]. Additional lipopro-
teins, pneumococcal iron acquisition (PiaA) and pneumococ-
cal iron uptake A (PiuA) are also components of an ABC
transport system for iron uptake [16]. Among cbpA and
members of the same family sharing a choline-binding domain
(cbpD, cbpE and cbpG), cbpD and cbpE were universally dis-
tributed in S. pneumoniae isolates [6]. Two neuraminidases
genes, nanA and nanB, were present in all strains and in 96%
of strains, respectively, while the nanB homologue, nanC, was
found in 51% of strains [8].
In our previous report, potential carriage serotypes, the
presence of rlrA and multidrug resistance were signiﬁcantly
associated with PMEN clonal complexes (CCs) [5]. Thus, we
investigated the distribution of genes for other pneumococ-
cal cell surface proteins and their correlations with multilo-
cus sequence typing (MLST), PMEN clones and antimicrobial
resistance to identify pneumococcal virulence factors predict-
ing prevalent clones in this study.
Materials and Methods
Bacterial strains and MLST
A total of 156 pneumococcal isolates that had been prospec-
tively collected from patients over 15 years of age who
were diagnosed with community-acquired pneumonia
between May 2003 and February 2005 in Japan were previ-
ously described [17–19]. We ran eBURST with default set-
tings, associating each sequence type (ST) with a CC on the
entire MLST database (4844 STs) and newly assigned STs
within our dataset. In this work, we named CCs according
to the ST number of the eBURST-predicted founder, deﬁned
as the ST with the greatest number of single locus variant, a
smaller number of STs in a group consisting of two different
STs or a singleton itself (http://spneumoniae.mlst.net/eburst/).
In our previous study, 141 isolates of the cohort were
analysed by MLST, showing that 49 STs, 27 CCs and three
singletons were included [5]. Furthermore, MLST and CCs
were determined for the remaining 15 isolates to increase
strain collection. We previously reported that non-suscepti-
bility to penicillin and erythromycin was recorded in 72
(46.2%) and 124 (81.4%) of the isolates, respectively [18],
and we determined non-susceptibility for trimethoprim-
sulfamethoxazole (113 isolates, 72.4%) in this study. Accord-
ing to meta-analysis data from children [2], we deﬁned
serotypes 3, 6A, 6B, 15, 19A, 19F, 23A and 23F as carriage
serotypes, and found that 107 isolates (68.6%) were carriage
serotypes [18].
Detection of the genes for pneumococcal cell surface
proteins
The genomic location of the rlrA islet and the presence of
pspA family 1 genes were determined by PCR as previously
reported in 141 isolates [5,17]. We investigated the presence
of eno, hyl, pavA, piaA, piuA, cbpA, cbpG, nanC, pclA and psrP
using PCR. Because the primer sets for cbpA, cbpG and nanC
in previous studies included a diversity region or mismatch
compared with the genes in the complete genomes of the
TIGER4, R6, D39, G54, CGSP14, Hungary 19A-6, Taiwan
19F-14, P1031, JJA, 70585 and ATCC700669 strains, we
designed novel primers. The presence of cbpA and cbpG was
determined using two primer sets for each. One primer set
for cbpA and cbpG (cbpA outer and cbpG outer) matched
conserved regions ﬂanking the genes. When the genes were
absent, a lower fragment size was detectable. The other sets
for cbpA (cbpA inner) matched the 5¢-ﬂanking region and a
region inside the gene, and those for cbpG (cbpG inner)
matched regions inside the gene. The PCR fragments were
detectable only when the genes were present. Primer sets
for nanC matched conserved regions encoding the gene
product (Table 1).
Statistical analysis
Statistical analysis was performed using JMP version 6.03
(SAS Campus Drive, Cary, NC, USA). We used Wallace
coefﬁcients (W) and 95% conﬁdence intervals (CIs) to esti-
mate the power of ST and CC in predicting gene presence
or absence and carriage serotypes, as well as the power of
ST in predicting serotype and vice versa. A W of 1.0 is a
consequence of the universal or quasi-universal presence of
the genes. Wi is deﬁned as the expected value of W when
both classiﬁcations are independent [20] (http://www.
comparingpartitions.info). Association of pneumococcal viru-
lence factors with the PMEN clones or non-susceptibility to
antimicrobials was tested by Pearson chi-square or Fisher
exact test when appropriate. Odds ratios (ORs) and the
respective 95% CIs were computed as estimates of relative
risk. Variables were selected for multiple logistic regression
analysis if probability values were <0.05 by univariate analysis.
Probability values of 0.05 or less were considered statistically
signiﬁcant.
Results
Prevalence of pneumococcal virulence factors
Among the additional 15 isolates, we identiﬁed one new
allele sequence (spi225), two new STs (one contained new
allelic proﬁles of the known alleles (ST4671) and one
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contained spi225 (ST 4672)), and three known STs (STs 63,
899, and 3594). Due to the enlarged MLST database, CCs
90, 138, 247, 1426, 1452, 3113 and 3115 in our previous
report were renamed CCs 176, 176, 246, 3111, 3787 and
3155, respectively. As a result, the cohort of 156 isolates
included 54 STs, 29 CCs and three singletons encompassing
11 PMEN CCs (103 isolates, 66.0%, Fig 1).
All isolates possessed eno, pavA, piuA, cbpA and cbpG, and
hyl and piaA were found in 98.7% and 99.4% of isolates,
respectively, excluding isolates ST230, ST343 and ST2809
(Fig. 1). These seven virulence genes are also present in the
11 fully sequenced strains. Using the outer primer sets, PCR
products of cbpA had various sizes, and those of cbpG had
two different sizes, consistent with variable sizes encoding
the genes in the 11 fully sequenced strains. A single size PCR
product was detected for cbpA and cbpG using the inner pri-
mer sets and in each of the remaining genes (Table 1). In
contrast, rlrA, pclA, psrP, nanC and pspA family 1 were found
in 30.1%, 33.3%, 27.6%, 35.9% and 55.8% of the isolates,
respectively (Fig. 1).
Considering ST or CC as the standard for comparison,
the W values of the pneumococcal virulence genes were
>0.84 (Table 2). In contrast, serotype was a weaker predic-
tor of ST (W, 0.74; 95% CI, 0.64–0.83; Wi, 0.11) than vice
versa (W, 0.96; 95% CI, 0.92–1.0; Wi, 0.09).
Association of pneumococcal virulence factors with the
PMEN clones or non-susceptibility to antimicrobials
A multiple logistic regression analysis adjusted for the pres-
ence of virulence genes, the pspA family 1 gene and carriage
serotypes revealed that the presence of pclA as well as car-
riage serotypes and rlrA was signiﬁcantly associated with
PMEN clones. Furthermore, non-susceptibility to penicillin
and trimethoprim-sulfamethoxazole was associated with the
presence of rlrA or pclA. In contrast, psrP and nanC were
inversely associated with PMEN clones (Table 3).
TABLE 1. Primer sequences for 10 genes of pneumococcal surface proteins
Target gene Forward primer (5¢ ﬁ 3¢) Reverse primer (5¢ ﬁ 3¢) Amplicon (bp)a Reference
eno TTTCGGACGTGGTATGGTTC CTCTTGGAAAGCGATTGGAG 400 New
hyl AGAGCATTGTTGGGAACTGG AGCGTCCACGACTCATATCC 534 New
pavA TGAACTGATTCGTCGTGTTG TCAGCGATTTCTTCCAGTCC 381 New
piaA AGAGCATGCGCCTGATAAAAT CATGAGGCTGCTAACGGTGTAT 846 [14]
piuA TGGTGCATGTAGTACAAACTCAAG AGTCCGCCTCCGCTTAGAT 858 [14]
pclA TCATTCTTAGTTCCGTCTGGGT GATGGTGCTAAGGGAAAAACTG 782 [9]
cbpA outer AATGAGAAACGAATCCTTAGCAATG AAGATGAAGATCGCCTACGAACAC 2704–6699 [22]
cbpA inner AGTTGATTGGCTTGACCTTG CTACACTAGCTACTCC 299–300 New
cbpG outer GTGATTGAAAAGCGCAGTCA TCCATCACAGTTTACAATTAGCC 1102–2366 New
cbpG inner GTGCAAAATTAGGGACTTTG ATAAATGGCAAATTTCGTTC 298 New
nanC TCAGCATTTGTTGCTAACTC CTAGTGTTCCGTTAAAACCA 697 New
psrP AGAGAAAACGGATGCTTTGG GCGTCGCTTAGCATAAGATTG 346 New
aPredicted amplicon size for Streptococcus pneumoniae TIGER4(ST205), R6(ST128), D39(ST128), G54(ST63), CGSP14(ST15), Hungary19A-6(ST268), Taiwan19F-14(ST236),
P1031(ST303), JJA(ST66), 70585(ST289) and ATCC700669(ST81) strains.
TABLE 2. Wallace coefﬁcients (W)
and 95% conﬁdence intervals (CIs)
between genotypes and gene pro-
ﬁles in 156 Streptococcus pneumo-
niae isolates
Target virulence factora Wib
Sequence typing
W (CI)
Clonal complex
W (CI)
eno 1 1 (1.0–1.0) 1 (1.0–1.0)
hyl 0.98 0.98 (0.95–1.0) 0.98 (0.95–1.0)
pavA 1 1 (1.0–1.0) 1 (1.0–1.0)
piaA 0.99 1 (1.0–1.0) 1 (1.0–1.0)
piuA 1 1 (1.0–1.0) 1 (1.0–1.0)
rlrA 0.58 0.98 (0.95–1.0) 0.94 (0.90–0.98)
pclA 0.55 0.96 (0.89–1.0) 0.94 (0.88–1.0)
cbpA 1 1 (1.0–1.0) 1 (1.0–1.0)
cbpG outer 0.54 0.97 (0.93–1.00) 0.94 (0.90–0.98)
cbpG inner 1 1 (1.0–1.0) 1 (1.0–1.0)
nanC 0.54 0.94 (0.86–1.0) 0.91 (0.84–0.98)
psrP 0.60 0.95 (0.91–0.99) 0.95 (0.90–0.99)
pspA family1 0.50 0.89 (0.81–0.96) 0.84 (0.77–0.92)
Carriage serotypesc 0.57 0.97 (0.94–1.0) 0.97 (0.94–1.0)
aThe proﬁles consist of the presence or absence of the target genes, pspA family 1 genes or carriage serotypes.
bThe expected value of W when both classiﬁcations are independent.
cSerotypes 3, 6A, 6B, 15, 19A, 19F, 23A and 23F.
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Discussion
Microarray analysis for S. pneumoniae isolates has shown that
a repertoire of accessory regions encoding putative virulence
factors with variable distribution between strains differs even
in the same clones, especially carriage clones, due to recom-
bination [21,22]. In contrast, these results indicate that ST
and CC can signiﬁcantly predict the presence or absence
of all accessory genes or carriage serotypes and that the
probability of two strains having the same ST and sharing the
presence or absence of these genes is quite high (over 84%),
especially for rlrA, pclA and psrP (W ‡ 0.94) (Table 2).
Previous studies have shown that the presence of
SP_0461 in the TIGR4 locus, or rlrA [3,21], SP_1772, or psrP
[21], and the pspA clade [23], was associated with STs,
whereas the presence of nanC was discordant with STs [8].
Use of the reported primer sets for nanC [8] also resulted in
a discordant result in the present study (data not shown).
However, the novel primer sets without mismatch led to a
FIG. 1. Frequency of the presence of
genes encoding 12 pneumococcal cell
surface proteins and carriage serotypes
in 156 pneumococcal isolates and 11
referent pneumococcal clones (*) in
which whole genome sequences were
identiﬁed. Black, the gene is present in
all isolates; dark grey, the gene is pres-
ent in 50% or more of isolates; light
grey, the gene is present in <50% of iso-
lates; white, the gene is absent. aClonal
complex. bSequence type. cSLV, single
locus variant; DLV, double locus variant;
TLV, triple locus variant. dNumber of
isolates. eFrequency of pspA family 1.
fCarriage serotypes, serotype 3, 6A, 6B,
15, 19A, 19F, 23A and 23F.
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good correlation between the presence of nanC and STs. Ian-
nelli et al. [24] characterized 11 different allelic groups of the
pneumococcal surface protein C (pspC, also referred to as
cbpA) locus in 43 isolates. Although Desa et al. [6] reported
that cbpA was found in 47% of isolates using PCR, the primer
sets in their study did not match six of the 11 pspC allele
groups [24]. Our novel primer sets matched the sequences
of the 11 alleles, and we found that cbpA was present in all
of our isolates. Additionally, the cbpG alleles in a previous
study [7] differ from that of the Taiwan 19F-14 strain. Desa
et al. reported the presence of cbpG in 56% of isolates using
speciﬁc primer sets as in a previous report [6,7], but we
found that cbpG was present in all of our isolates using the
novel primer sets common to the two allele sequences.
Thus, the reported primer sets did not allow detection of
the cbpA and cbpG gene in some isolates, and the data in
their study may be inaccurate.
We previously reported that the presence of carriage ser-
otypes and rlrA was associated with PMEN clones compared
with non-PMEN clones [5]. This study revealed that the
presence of pclA as well as rlrA was signiﬁcantly associated
with PMEN clones. Additionally, either rlrA or pclA was pres-
ent in the PMEN clones rather than CC180 and CC15. Fur-
thermore, a multiple logistic regression analysis adjusted for
the presence of virulence genes, pspA family 1 genes and car-
riage serotypes revealed that the presence of pclA as well as
carriage serotypes and rlrA was signiﬁcantly associated with
PMEN clones and antimicrobial resistance (Table 3).
The rlrA islet encoding pili, PclA, CbpA and CbpG was
shown to promote colonization of the upper respiratory
tract in animal models and binding to the human nasopharyn-
geal cell line Detroit 562 [4,7,9]. However, cbpA and cbpG
were present in all isolates in the present study and were
not associated with non-susceptibility to penicillin previously
[6]. Furthermore, PsrP binds human alveolar type II pneumo-
cyte A549 cells but not Detroit 562 cells [12]. Thus, the
presence of rlrA and pclA, but not cbpA, cbpG and psrP, may
contribute to selection of prevalent clones in the nasophar-
ynx and result in antimicrobial resistance.
In terms of study limitations, gene presence identiﬁed
using PCR does not mean that strains express the virulence
factor because PCR cannot detect the presence of a single
nucleotide polymorphism in the gene sequence that causes
premature termination of the protein. Our sample size was
not sufﬁciently large and did not include all PMEN clones.
We could not clarify why CC15 and CC180 without rlrA had
any other selective advantages than carriage serotypes and
multidrug resistance in the present study.
In conclusion, we found that pneumococcal cbpA and cbpG
were universally present in clinical isolates using conserved
PCR primer sets and that rlrA, pclA, nanC, psrP and pspA
family genes were variably distributed among clinical isolates
and signiﬁcantly associated with MLST. In addition to rlrA,
pclA correlated with PMEN clones and antimicrobial resis-
tance, and is likely to contribute to selection of prevalent
clones. Continuous large surveillance of S. pneumoniae will be
necessary to identify the virulence genes predicting successful
clones.
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